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A gravel storage building and distribution facility was planned for construction at the West Parr yard located in the Port of Richmond, 
California. The general subsurface profile consists of a fill layer overlying a lens of young bay mud, a soft to med stiff silty clay and 
clayey silt.  Below that lied a deeper dense clayey sand and stiff clay layer.  The ground water table elevation observed in borings was 
approximately 7 to 10 feet below the current ground surface.  Loads in excess of 3,500 psf would be applied to these strata and 
relatively tight settlements tolerances were necessitated to maintain functionality of the building’s conveyor systems.  Deep pile 
foundations were considered but due to the excessive costs and operational challenges, it was elected to implement a ground 
modification system, jet grout columns, to transfer the loads through the undocumented fill and young bay muds, to the more 





As California’s construction market continues to grow and 
Environmental and land use regulations become increasingly 
strict, the mining of building materials such as gravel or 
crushed rock has had difficulty keeping up with demand.  This 
has pushed the cost of such materials to a level where it can be 
more cost effective to import the materials in bulk and store 
them at certain strategic locals for distribution.  Such is the 
case in the Northern California area.  Eagle Rock Aggregates 
secured a long term lease on a water front industrial property 
at the Port of Richmond, where large transport vessels could 
unload the rock which had been mined at a quarry in Canada.  
 
 
With the assistance of a conveyor system the self unloading 
transport vessel will discharge its shipment into the storage 
facility where up to 80,000 tons of gravel can be held.  With 
these quantities loads in excess of 3,500 psf would be applied 
to the ground.  The native soil however would not be able to 





The planned building was 640 ft long and 145 ft wide, and 
would be constructed of a steel frame and roof trusses and clad 
with a metal skin.  Within the building a system of conveyors 
and hoppers would be housed.  The majority of the load would 
be live loads imparted by the 35 foot high stockpiles of gravel.  
The floor loads from the peak gravel storage were anticipated 
to be on the order of 3,500 psf at the center of the stockpile. 
The combined dead load, live load, and seismic loads under 
the footing were calculated at up to 4,600 psf. 
 
 
The underlying soft soils would not be able to support the 
heavy loads of the aggregate stockpile.  Settlements in excess 
of 10 inches were estimated to result if deep foundations or a 
soil improvement program was not implemented.  These 
excessive settlements of the very soft native clays (aka young 
bay mud) would threaten the alignment of the aggregate 
conveyors within the building, and result in a constant 
maintenance issue for the Owner. A deep foundation system 
was researched, however, because of the quantity and length 




An additional complication of this site was the potential for 
undocumented in situ obstructions.  Because of its prime 
location as a water front site with access to major shipping 
channels, it had been the site of numerous industrial facilities 
over the past 50 plus years.  It was anticipated that 
obstructions ranging from concrete and construction debris to 
rip rap, trash and marine debris would be encountered.  
Additionally, because of the soil conditions, it was highly 
likely that abandoned timber pile foundations from previously 





The upper 5 to 10 feet of the site was composed of a fill 
material composed predominately of Clay with sand but also 
contained lenses of silt.  Throughout the exploration borings 
extensive portions of foreign debris were encountered, such as 
brick, concrete, cables and wood.  Below the fill layer, a zone 
of very soft to medium stiff soft silty clay was encountered, 
known as the Young Bay Mud formation.  The depth of the 
young bay mud ranged from approximately 30 to 22 feet 
below ground surface.  The blow counts of this material 
typically ranged between N=2 to N=7 (uncorrected).  The soft 
clay layer was underlain by a stiffer more competent silty clay 
and clayey sand.  It was this layer that would provide the 
support for the foundation.  Blow counts for this layer varied 
between N=12 and N=43 (uncorrected), however the typical 
values fell between N=16 and N=24.  A typical profile view of 





Fig 1. Typical profile of the soils encountered. 
 
 
GEOTECHNICAL DESIGN SOLUTION 
 
In preliminary discussions several soil improvement and 
foundation techniques were considered. These included Soil 
Mixing, Vibro Replacement, Jet Grouting and conventional 
deep foundations.  However, all but the jet grouting would be 
highly impacted by the subsurface obstructions.   Jet grouting 
utilizes a relatively small drill bit and tooling than the other 
techniques and thus would be able to better negotiate the in 
situ debris. Additionally, jet grouting offered the flexibility of 
allowing the design engineer to modify the layout as the 
construction progressed. Although the debris could impact the 
jet grouting process, it was considered to be a much smaller 
degree of risk.  The risk associated with the large scale cost 
overruns of the other techniques due to obstructions made jet 
grouting the most defined solution and thus the most appealing 
solution to the owner.   
After meeting with the owner, the geotechnical contractor 
developed a ground improvement program using jet grouting 
for mass treatment to accommodate both the owner’s budget 
and the structural engineer’s settlement criteria. The jet 
grouting program treated the very soft native clays below the 
footprint of the aggregate storage and distribution building.  
 
 
The design of the jet grouting program would address the 
following criteria as set forth by the Owner and their 
Structural Engineer: 
 
I. 145 ft x 650 ft jet grouting 
treatment zone  
II. Maximum 1:500 differential 
settlement of improved soil across 
the building columns  and 
structural slab 
III. Maximum 1:1000 differential 
settlement of improved soil across 
the gravel conveyor columns 
IV. Maximum overall settlement in the 
upper soft clay layer of 2 to 3 
inches 
 
The design concept behind the use of jet grouted soilcrete 
columns is essentially using very stiff elements to transfer the 
load from ground surface to a soil stratum capable of 
supporting the load without instigating primary consolidation 
in the soil profile.  The degree to which the composite soft 
clay/soil cement layer will experience settlement or compress 
will be a function of the soil-soilcrete matrix stiffness. 
 
 
The stiffness of the soil-soilcrete matrix depends on the 
drained modulus of the soft clay, the modulus of the soilcrete, 
and its replacement ratio. The soft clay drained modulus was 
interpolated from the lab consolidation test results and the 
long term static settlement calculation without the soil 
improvement. The constrained drained modulus of the soft 
clay was used in the design. The Young’s modulus of the 
soilcrete was interpolated from the strain-stress curve of the 
lab unconfined compressive test results. To simulate the 
loading condition of the jet grouting column in the soft clay, 
the geotechnical contractor conservatively used the soilcrete 
Young’s modulus and ignored the lateral confining stress from 
the soft clay.  The soilcrete Young’s modulus from the lab test 
was 37,200 psi at 56 days of age (about 250 times of the 
soilcrete unconfined compressive strength), which agreed very 
well with the geotechnical contractor’s previous experience.  
The soilcrete replacement ratio was carefully selected to keep 
the vertical stress in the soilcrete column no more than half of 
its target compressive strength under the static loads. The 
modulus ratio between the soilcrete and the soft soil is about 
112:1, therefore, the majority of the building load is 
transferred to the soilcrete columns. The calculated stress 
increase in the soft clay was kept below 100 psf in order to 
minimize the deformation. Under the seismic load, with a 31% 
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load increase of the static condition, the soilcrete maximum 




The end-bearing capacity of the soilcrete columns was 
carefully designed to maintain an optimized end-bearing factor 
of safety and settlement control. The soilcrete column end-
bearing capacity is provided by the inter-bedded medium stiff 
to hard silty clay and dense to very dense sand to clayey sand. 
The natural moisture content of the load-bearing soils ranges 
from 16% to 29%. The OCR value calculated from 4 CPTs in 
the end-bearing soil layers was 4.0 or higher, and the 
consolidation tests of the clayey soils have the OCR values in 
the same range. The soilcrete column to soil contact stress was 




The tops of the soilcrete columns were covered by 6-ft thick 
engineering fill and a 1-ft thick reinforcement concrete slab.  
This load transfer pad was constructed by mixing 50% of the 
in-situ soil with 50% of the jet grouting spoils, and compacted 
to at least 95% of relative density based on ASTM D-1557. 
The load transfer pad bridges the gravel stock pile load and 
transfers them to the soilcrete columns. 
 
 
A couple of investigative steps over and above the preliminary 
geotechnical investigation would be required prior to 
formulating a final design and scope of work.  Additional 
CPTs would be needed to help further define the extent of the 
Young Bay Mud.  Also, bulk samples would need to be 
procured for a laboratory mixing program to determine the 
strengths of soilcrete that could be anticipated from the native 
soils.  Additionally these laboratory tests would assist in 




The additional CPTs confirmed the expected soil properties 
and strengths of the Young Bay Mud, as well as helped further 
define the anticipated depths at which the stiff clay bearing 
layer could be anticipated.  In several locations it was 
discovered that the Young Bay Mud terminated slightly 
premature to what was logically anticipated from the original 
geotechnical report.  From these it was determined that the site 
could be broken into four zones of differing area, each with 
slightly varying depths of treatment  The depths ranged from 
25 to 30 feet below ground surface. 
 
 
The purpose of the laboratory mixing program was to 
investigate the most efficient cement contents of the soilcrete 
as well as to determine the available compressive/shear 
strength to incorporate into the design.  This would be done by 
creating laboratory samples similar in final cement contents as 
to what may be practical in the field.  The grouts would be 
mixed and then added to the soil in a Hobart-style mixer 
where blending would continue until a visual inspection 
showed the soilcrete product to be uniform in appearance.  
Mixing times varied from a minimum of 60 seconds to a 
maximum 120 seconds.  Following, 12 cylinders were cast of 
each blend, and allowed to cure properly.  Two samples were 
then tested at 3, 7, 14, 28 and 56 days.  Three separate cement 
contents were targeted: 200 kg/m3, 250 kg/m3 and 300 kg/m3.  
The results of the laboratory mixing program can be found in 
Fig. 2. From this it was felt that design strength of 75 psi with 
target cement content could be utilized. Although a noticeable 
strength gain was apparent between the 300 kg/m3 and the 250 
kg/m3, the geotechnical contractor believed the 250 kg/m3 
would provide for a more cost effective design.  With these 





Fig 2. Pre-production laboratory mixing results: Unconfined 
Compressive strengths versus Age and Cement Contents. 
 
To further economize the jet grout layout, the geotechnical 
contractor divided the treatment area into three loading 
scenarios, 3,500 psf, 2,280 psf, and 1,720 psf which would 
correspond to the anticipate height of gravel storage.  These 
areas would utilize three separate replacement ratios ranging 
from 32%, 25%, and 16% respectively.  A nine foot diameter 
jet grout column was implemented for design, based on the 
geotechnical contractor’s experiences in similar materials. 
However, this geometry would need to be investigated and 
verified in a preproduction test section, using these assumed 
diameters and the column spacing for each individual loading 
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condition as shown below in Table 1.  The gravel loads were 
determined by considering the triangle load distribution of the 
aggregate, and its friction angle of 38 degrees. 
 
 




















































 X Y      
A 16 12.5 200 31.8 3,500 687 75 
B 16 16 256 24.9 2,280 570 62.3 
C 20 20 400 15.9 1,720 657 71.7 
 
 
Using these necessary replacement areas, the design required a 
total of 317 nine-foot diameter columns to be placed 
throughout the footprint.  The bottom depths of these columns 
would vary between 25 and 30 feet based on the previously 
discussed CPTs; the design intent is that the soilcrete columns 
would socket into the stiff clay layer below and extend up 
through the Young Bay Mud and the undocumented fill until 
they topped out at 3 feet below the existing ground surface.   
Following the jet grouting operations, the top 3 feet of the soil 





Fig 4. Section view. 
 
structural fill.  This transfer pad would be composed of the 
cement stabilized soils from the returns (or spoils) of the jet 
grouting operations and the 3 foot of excavated material 
blended in a one-to-one fashion.  The existing surface of 
concrete was also crushed into gravel-size pieces and 
incorporated into the structural fill to minimize expensive 
removal from the site.  On top of the transfer pad a structural 
mat slab would be placed to provide the support for loaders 





Although there are several different methods of jet 
grout/soilcrete column construction, the Contractor’s method 
of choice for this work was Super Jet Grouting.  Super Jet 
grouting is a modified double system, capable of creating very 
large diameters.  The standard double system uses two-phase 
internal fluid rods and monitors which is employed for the 
separate supply of grout and air down to different, concentric 
nozzles. The grout erodes the in situ soils while blending it 
with cement. Erosion efficiency is increased by shrouding the 

















Fig 3. Partial plan view of soilcrete column layout.
 is the enhanced monitor which creates an extremely efficient 
flow path which results in increased energies, and thus larger 
diameters.  Although the Triple Fluid system is more 
commonly used in cohesive materials to assist in the 
conveyance of spoils out of the borehole, it was not desired on 
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this project because of the quantity of spoils that would need 
to be handled.  It was felt that if triple system was 
implemented then the spoils would no longer be useable for 






Fig 5. Traditional jet grouting systems. Left to Right: Single 
Fluid, Double Fluid, Triple Fluid. 
 
The first portion of the construction process was to implement 
the test section to ensure the assumed design parameters 
including column geometry and unconfined compressive/shear 
strength would be met.  Following the test section and its 
analysis, the geotechnical contractor proceeded with 
production, phasing into a 2 shift operation in order to meet 
the Owner’s schedule.  Because of the quantity of spoils 
created and the need to stockpile them on site, a two-rig 
operation was not attempted.  The Contractor began on the 
South end (water side) and proceeded to the North.  The 
general program was to perform jet grouting in an area, 
staging the spoils northward.  After that area was completed it 
could be excavated to the top of jet grout and mixed with the 
previously created jet grout spoils.  Then the transfer platform 
in that area was created, and jet grouting operations proceeded 
northward.   This staging of operations was difficult from the 
onset because of the restricted work area.  However, after 
implementing some “off-shift” excavation, the project 
proceeded as planned, maintaining the Owner’s schedule. 
 
As expected, the treatment zone contained a large number of 
piles of unknown location. These piles and other obstacles 
were documented when hit during the grouting operation. The 
soilcrete column locations were adjusted near the obstacles by 
the geotechnical contractor’s project engineer.  Several 
columns were relocated up to several feet away; however, the 
impact of these relocations on the integrity of the design was 
negligible, therefore the design engineer required did not 







Fig 6. Jet grouting operations at the Port of Richmond. Note 
the spoil containment pit in foreground. Excavator standing 





Fig 7. Numerous obstructions such as these blocks of concrete 





The geotechnical contractor implemented substantial quality 
control/quality assurance measures to ensure the effectiveness 





First a test section of three groups of two soilcrete columns 
were completed to verify column diameter.  Each group 
utilized a different energy to explore various geometries.  The 
energies were varied by changing the pull speeds (longer time 
for erosion) and nozzles sizes (greater flows).  The methods 
used to check column diameter consisted of excavation of 
portions of the completed columns, and exploratory core 
drilling through the extents of the columns. These methods 
were also implemented periodically during the production 
work for a quality assurance method.   
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During both the test section and production jetting, the analog 
and digital gauges allowed the operators to record and 
measure the grout flow, grout pressures, air flow and air 
pressure.  Additionally, the pull speeds and rotation rates were 
also set hydraulically and monitored throughout each shift.  
This information was recorded for each column and submitted 
for review to the design engineer on a daily basis.  
 
To ensure a consistent grout mix during the test section as well 
as production work, the specific gravity was measured in real 
time with a mass flow meter connected to a readily accessible 
display panel for the operator. This allowed for any 
adjustments to be made as necessary, in order to keep a 
consistent mix.  These readings were verified using a mud 
balance several times per shift to ensure the accuracy of the 





Wet soilcrete samples were taken daily and cast into cylinders 
by the geotechnical contractor for unconfined compressive 
strength testing by an independent lab.  As mentioned above, 
dry samples were taken through the process of core drilling, 
periodically from the production jet grout/soilcrete columns 
and also tested by the independent lab.  
 
The requirements (using the assumed 9 foot diameter column) 
were an average 150 psi unconfined compressive strength at 
an age of 56 days, with no breaks at less than 75 psi. Fig. 8 











Since construction of the aggregate stockpile building, it has 
been loaded to near full capacity.  The jet grouting mass 
treatment foundation system has performed to the criteria set 
forth by the owner and structural engineer.  Although it is too 
early to evaluate the long term settlements, it is anticipated 
that the majority of the soilcrete strain would occur within for 





The overall cost for Jet Grouting and construction of a 6 foot 
thick engineered fill transfer pad atop the columns cost 
approximately 60% of the original estimated budget for the a 
driven pile solution. The jet grouting offered more than 
adequate strength characteristics for structural support, and 
was ideal for the obstruction-laden environment. 
 
The jet grouting design optimized the soilcrete strength and its 
replacement ratio, and was compatible with the in-situ soils. 
The soilcrete columns transferred the gravel stockpile load 
through the soft young bay mud and to the deep stiff clay and 
clayey sand layers without triggering their virgin 
consolidation. The load transfer pad and the soil-soilcrete 
matrix have performed very well and has met the design 
criteria. 
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